Renal cell carcinomas (RCCs) harboring the t(6;11)(p21;q12) translocation were first described in 2001 and recently recognized by the 2013 International Society of Urological Pathology Vancouver Classification of Renal Neoplasia. Although these RCCs are known to label for melanocytic markers HMB45 and Melan A and the cysteine protease cathepsin K by immunohistochemistry (IHC), a comprehensive IHC profile has not been reported. We report 10 new t(6;11) RCCs, all confirmed by break-apart TFEB fluorescence in situ hybridization. A tissue microarray containing 6 of these cases and 7 other previously reported t(6;11) RCCs was constructed and immunolabeled for 21 different antigens. Additional whole sections of t(6;11) RCC were labeled with selected IHC markers. t(6;11) RCC labeled diffusely and consistently for cathepsin K and Melan A (13 of 13 cases) and almost always at least focally for HMB45 (12 of 13 cases). They labeled frequently for PAX8 (14 of 23 cases), CD117 (10 of 14 cases), and vimentin (9 of 13 cases). A majority of cases labeled at least focally for cytokeratin Cam5.2 (8 of 13 cases) and CD10 and RCC marker antigen (10 of 14 cases each). In contrast to a prior study's findings, only a minority of cases labeled for Ksp-cadherin (3 of 19 cases). The median H score (product of intensity score and percentage labeling) for phosphorylated S6, a marker of mTOR pathway activation, was 101, which is high relative to most other RCC subtypes. In summary, IHC labeling for PAX8, Cam5.2, CD10, and RCC marker antigen supports classification of the t(6;11) RCC as carcinomas despite frequent negativity for broad-spectrum cytokeratins and EMA. Labeling for PAX8 distinguishes the t(6;11) RCC from epithelioid angiomyolipoma, which otherwise shares a similar immunoprofile. CD117 labeling is more frequent in the t(6;11) RCC compared with the related Xp11 translocation RCC. Increased pS6 expression suggests a possible molecular target for the uncommon t(6;11) RCCs that metastasize.
R enal cell carcinomas (RCCs) harboring the t(6;11)-(p21;q12) translocation were first described in 2001. 1 Although their lineage was initially unclear, the t(6;11) RCCs have now been accepted by the 2013 International Society of Urological Pathology Vancouver Classification of Renal Neoplasia as a subtype of the MiT family of translocation RCC, which includes the more common Xp11 translocation RCC. 2 The t(6;11) translocation fuses the transcription factor EB (TFEB), a transcription factor related to microphthalmia transcription factor (MITF), with Alpha, an untranslated gene of unknown function, resulting in overexpression of native TFEB. 3, 4 TFEB, MITF, TFE3, and TFEC belong to the MITF subfamily of transcription factors, all of which have overlapping transcriptional activities. 5 Overexpression of TFEB in the t(6;11) RCC is thought to result in expression of proteins normally driven by MITF in other cell types. For example, unlike non-MiT family translocation RCCs, the t(6;11) RCCs underexpress cytokeratins and consistently label by immunohistochemistry (IHC) for the melanocytic markers HMB45 and Melan A. 1, [6] [7] [8] [9] [10] In addition, the t(6;11) RCCs label for cathepsin K, a protease that is expressed in osteoclasts but that is not present in non-MiT family translocation RCCs. 7, 11, 12 Histologically, t(6;11) RCC typically displays a solid or alveolar architecture and features larger epithelioid cells surrounding distinctive foci of smaller cells with dense chromatin, which are clustered around hyaline basement membrane material. Cases with atypical morphology, including absence of small cells and cases resembling clear cell RCC, papillary RCC, Xp11 translocation RCC, and epithelioid angiomyolipoma, have been reported. 1, 6, [8] [9] [10] [13] [14] [15] [16] Overall, only approximately 40 cases have previously been described in the literature (reviewed in Argani et al 16 ) . Given the potential for misclassification, it is possible that the t(6;11) RCC is more common than currently thought.
By IHC, the most sensitive and specific marker of the t(6;11) RCC is TFEB protein, which is overexpressed as a result of the Alpha-TFEB gene fusion. However, this marker is difficult to optimize using standard incubation protocols on automated IHC stainers, and few laboratories see enough cases to justify adding it to their repertoire. Only a small number of studies have assessed the IHC phenotype of t(6;11) RCC for other more commonly used renal tumor markers, such as PAX8, carbonic anhydrase IX (CA IX), kidney-specific cadherin (Kspcadherin), and a-methylacyl-CoA racemase. The studies are generally characterized by small sample sizes and a limited number of IHC markers. 6, 7 Moreover, therapeutic targets have not been identified. In this study, we provide a more complete IHC characterization of t(6;11) RCC with a diverse range of markers.
MATERIALS AND METHODS

Institutional Review Board Approval
This study was approved by the Institutional Review Board of The Johns Hopkins Hospital.
Tissue Microarray Design
A tissue microarray containing 6 of the newly reported cases and 7 other previously reported cases from our archives (13 total genetically confirmed cases) of t(6;11) RCC was constructed and immunolabeled for cathepsin K, Melan A, HMB45, cytokeratins Cam5.2 and AE1/3, CD117, PAX8, RCC marker antigen, vimentin, CD10, a-methylacyl-CoA racemase, PAX2, Ksp-cadherin, EMA, CA IX, inhibin, SOX10, estrogen receptor (ER), epithelial cell adhesion molecule (EpCAM), phosphorylated S6 (pS6), and MITF. Whole sections of a recent additional genetically confirmed case were immunolabeled for PAX8, CD117, RCC marker antigen, and CD10. For PAX8 and Ksp-cadherin, whole sections of additional t(6;11) RCC cases were also studied to address the possibility of heterogeneity of intratumoral labeling (see the Results section). For purposes of comparison, 19 cases of epithelioid angiomyolipoma were labeled for PAX8 and pS6. For all markers except pS6, labeling in >10% of cells was considered a positive result, whereas labeling in 1% to 10% of cells was considered focally positive. For pS6, the product of the percentage of neoplastic cells labeling for pS6 and the intensity of labeling (0 = negative, 1 = weak, 2 = moderate, 3 = strong) was multiplied to give an H score (0 to 300). 
IHC Methods
IHC
Fluorescence In Situ Hybridization Methods
Fluorescence in situ hybridization (FISH) was performed as previously described with a probe consisting of 2 contigs that flank the TFEB gene on 6p21. The distal contig consists of 3 BAC/PAC clones (RP11-298J23, RP5-973N23, and RP11-533020) labeled with Spectrum Orange, and the proximal contig consists of 2 BAC/PAC clones (RP1-149M18 and RP11-328M4) labeled with Spectrum Green, from BacPac Resources at CHORI (Children's Hospital Oakland Research Institution), designed for research use. Sections of 5 mm thickness were deparaffinized, dehydrated, and pretreated in a VP 2000 processor (Abbott Molecular), followed by subsequent treatment with pepsin. The probe mixture was applied, and the slides were incubated in a humidified atmosphere (Thermobrite; Abbott Molecular) at 801C for 8 minutes to denature the probe and target DNA simultaneously, followed by hybridization overnight at 371C. The slides were then washed in 2 Â SSC/0.3% NP-40 for 2 minutes at 721C. The nuclei were counterstained with 4,6-diamidino-2-phenylindole. After hybridization, all slides were maintained at 41C in the dark. FISH signals were assessed using a Zeiss Axioskop microscope. The presence of split signals in >15.8% of a total of 120 nuclei was considered a positive result. 16 
RESULTS
Additional Genetically Confirmed Cases of t(6;11) RCC Clinical that the 68-year-old patient (case 8) is as old as any other patient reported with t(6;11) RCC. One patient (case 9) developed a rib metastasis 8 years after resection of a localized renal tumor. The cases were found in 7 male and 2 female patients and in 1 whose sex was unknown. Additional clinical data are found in Table 1 .
Radiology
Radiology data were available for 1 of the cases (case 8, Table 1 ). A computed tomography (CT) scan with intravenous contrast revealed a 2.8 cm heterogenously enhancing renal mass involving the left upper pole. The tumor had higher attenuation than normal renal parenchyma on noncontrast imaging and demonstrated enhancement with intravenous contrast administration ( Fig. 1A ). Coronal images from the delayed phase of an intravenous contrast-enhanced CT scan showed a 2.8 cm left upper pole renal mass extending deep into the kidney. The tumor appeared to involve the collecting system and abutted the sinus fat of the kidney (Fig. 1B ).
Histologic Appearance
All but 1 of the new t(6;11) cases showed a solid or alveolar architecture featuring larger epithelioid cells surrounding clusters of smaller cells ( Figs. 2A, B ). Case 9 lacked a small cell component. Several cases showed previously unreported histologic features. Case 2 was a predominantly cystic 7.8 cm mass radiologically classified as a Bosniak class IV cyst, which contained a 3.5 cm solid tumor nodule. Microscopically, the cystic areas consisted of thin septa containing clear cells simulating the appearance of multilocular cystic RCC (Fig. 2C ). The solid areas corresponded to a nested clear cell neoplasm similar to clear cell RCC, which contained prominent entrapped and distorted native renal tubules simulating a biphasic renal neoplasm (Figs. 2D-F). Case 10 was an angioinvasive, nested, eosinophilic polygonal cell neoplasm with high-grade nuclei throughout, which suggested the diagnosis of high-grade clear cell RCC or unclassified highgrade RCC. Only 1 focus demonstrated a cluster of smaller cells, which suggested the possibility of t(6;11) RCC (Figs. 2G, H).
Immunohistochemistry
Established Markers: Cytokeratins Cam5.2 and AE1/ 3; Melanocytic Markers Melan A and HMB45; Cathepsin K Previous reports have shown that the t(6;11) RCCs underexpress cytokeratins and overexpress the cysteine protease cathepsin K and melanocytic markers Melan A and HMB45. 1, 10, 12 All 13 cases in this study labeled diffusely for cathepsin K (83% mean labeling) and Melan A (92% mean labeling). Twelve of 13 cases labeled for HMB45 but the labeling was much less extensive; the mean labeling of the positive cases was 7%, and 7 of the 12 positive cases labeled focally (Figs. 3A, B). Eight of 13 cases (62%) labeled for cytokeratin Cam5.2, which detects low-molecular weight cytokeratins 8 and 18. Labeling was focal in 3 of the 8 cases, and the mean percentage of tumor cells labeling in the positive cases was only 40%. Six of 13 cases (46%) labeled for broadspectrum cytokeratin AE1/3, which detects cytokeratins 1 to 8, 10, 14 to 16, and 19. Three of these cases labeled focally, and the mean labeling among the positive cases was only 16%.
Transcription Factors PAX8, PAX2, MITF, and SOX10
PAX2 and PAX8 are lineage-restricted transcription factors, which are known to be expressed in the renal and Mu¨llerian systems, and have been found to be expressed in most clear cell RCCs, papillary RCCs, and Xp11 translocation RCCs. 13, [19] [20] [21] [22] [23] [24] The t(6;11) RCC were positive for PAX8 in 14 of 23 cases (59%). PAX8 labeling in the cases of t(6;11) RCC was stronger toward the edge of whole sections of 10 t(6;11) RCC cases studied (Figs. 3C, D). In contrast, 18 of 19 epithelioid angiomyolipomas were completely negative for PAX8. The one case that did label was overtly malignant and labeled focally in anaplastic areas. PAX2 labeling was seen in only 2 of 13 t(6;11) RCC cases. MITF, a transcription factor that is commonly expressed in melanocytes and their corresponding neoplasms, belongs to the same subfamily of transcription factors as TFE3 and TFEB and forms heterodimers with them. SOX10 is a transcription factor involved in neural crest and melanocytic differentiation. 25 The t(6;11) RCC showed no labeling for MITF or SOX10.
Clear Cell and Papillary RCC Markers: RCC Marker Antigen, CD10, CA IX EMA, EpCAM, and Vimentin RCC marker antigen is a proximal brush border antigen, which is fairly specific and sensitive for RCC. 26 RCC marker antigen is positive in most clear cell, papillary, and Xp11 translocation RCCs but negative in chromophobe RCC. CD10 is a cell membrane metallopeptidase whose expression is also localized to the proximal tubular brush border. Similar to the RCC marker antigen, expression is found in clear cell, papillary, and Xp11 translocation RCC, whereas chromophobe RCC and oncocytoma rarely express the antigen. 26 RCC marker antigen and CD10 each labeled 10 of 14 cases of t(6;11) RCC (Fig. 3E ). RCC marker antigen showed only focal labeling (< 10% cells) in 7 of the positive cases, whereas CD10 showed focal labeling in 8 of the positive cases.
EMA is a glycoprotein, which is found on the surface of the distal tubule and collecting duct epithelium and is generally highly expressed in all RCCs including clear cell, papillary, and chromophobe. 27 Only a minority of Xp11 translocation RCCs label for EMA. 28 Similarly, only 1 of 13 cases of t(6;11) RCC showed focal labeling for EMA.
The HIF 1-a/CA IX pathway is constitutively activated in clear cell RCC. In clear cell RCC, inactivation of the VHL gene allows HIF 1-a to escape degradation, which leads to activation of downstream targets such as vascular endothelial growth factor, GLUT-1, and CA IX. 30 Expression of HIF 1-a and CA IX is typically diffuse in clear cell RCC and focal in other subtypes of RCC including Xp11 translocation RCC. In the latter, expression is mainly associated with areas of necrosis and thus is likely secondary to focal hypoxia. 29 Only 1 of the cases of t(6;11) RCC showed necrosis, and this was the only case that showed focal CA IX labeling; all other cases were completely negative.
EpCAM is overexpressed in a variety of carcinomas and thus has drawn interest as a potential therapeutic target, as humanized anti-EpCAM antibodies are now in clinical trials. 30 EpCAM has been shown to be more frequently expressed in papillary and chromophobe RCCs than in clear cell RCC. 31 t(6;11) RCC failed to show any EpCAM labeling.
Vimentin is an intermediate filament protein found in mesenchymal cells. Clear cell and papillary RCCs are typically positive for vimentin, chromophobe RCCs are negative, and Xp11 translocation RCC are typically either negative or only focally positive. 28, [32] [33] [34] Nine of 13 t(6;11) RCCs (69%) labeled for vimentin. a-methylacyl-CoA racemase is frequently used as a marker for papillary RCC, although it also labels a minority of clear cell and Xp11 translocation RCCs. 35 t(6;11) RCC labeled for racemase in 3 of 13 cases.
Chromophobe RCC Markers: CD117 and Ksp-Cadherin CD117 expression has been shown to distinguish chromophobe RCC from clear cell RCC. 36, 37 Strong Am J Surg Pathol Volume 38, Number 5, May 2014 t(6;11) Renal Translocation Carcinoma Immunoprofile membranous labeling for CD117 was seen in 10 of 14 cases (71%) of t(6;11) RCC (Fig. 3F ). Ksp-cadherin is a renal-specific cadherin involved in cell-cell adhesion localized to the distal tubules. 38 Ksp-cadherin has been found to label a majority of chromophobe RCCs. 39, 40 Clear cell and papillary RCCs, however, are less likely to stain with the marker. 13, 41 A recent study has suggested that Ksp-cadherin is a sensitive marker of the t(6;11) RCC. 7 However, we found focal labeling for Ksp-cadherin in only 3 of 19 t(6;11) RCCs (Fig. 3G ) with entrapped distal tubules labeling appropriately as internal controls (Fig. 3H) . These cases included whole sections of 6 additional cases not on the tissue microarray.
pS6
Immunoreactivity for pS6 represents a measure of activation of the mammalian target of rapamycin (mTOR) pathway, which promotes cell growth, is highly active in many RCCs, and can be targeted for therapy. 42 We have previously shown that Xp11 translocation RCCs express pS6 at slightly higher levels (mean H score 88) compared with clear cell RCC (mean H score 54) and papillary RCC (mean H score 44). 13 The median H score for pS6 in the t(6;11) RCC and epithelioid angiomyolipoma were 101 and 245, respectively. pS6 immunolabeling in these renal neoplasms is shown in Figure 4 .
Gynecologic Tract Markers: ER and Inhibin
ER is expressed in a variety of gynecologic tract tumors. Inhibin is a glycoprotein produced by the granulosa cells of the ovary to inhibit the release of folliclestimulating hormone and is useful in the diagnosis of sex cord stromal tumors. 43 The small cell pseudorosettes of the t(6;11) RCC resemble the Call-Exner rosettes of granulosa cell tumor. No labeling was identified for ER or inhibin in any of the cases of t(6;11) RCC.
The IHC results are summarized in Table 2 .
DISCUSSION
Our study adds 10 genetically confirmed t(6;11) RCC to the literature and expands the clinicopathologic spectrum of this neoplasm. The 68-year-old reported herein is as old as any other reported patient with t(6;11) RCC; one other 68-year-old patient has been reported in the literature (Supplemental Table 1 , Supplemental Digital Content 1, http://links.lww.com/PAS/A197). The 8-year interval between resection of the primary tumor and metastasis in case 9 of this series equals the interval between resection and metastasis of a case reported by Inamura et al, 6 and highlights the potential for these neoplasms to recur late, similar to the reported behavior of the Xp11 translocation RCC. 33 The imaging findings of these neoplasms have not previously been reported. Moreover, the predominant multilocular cystic appearance with prominent dilated entrapped tubules in case 2 has not previously been documented. The largely nondescript high-grade morphology of case 10 puts t(6;11) RCC in the differential diagnosis of high-grade unclassified RCC. An updated table of all genetically confirmed reported t(6;11) RCC cases is presented as Supplemental Our study has greatly expanded the reported IHC profile of the t(6;11) RCC. We confirm the consistent expression of melanocytic markers Melan A and HMB45, but document that the Melan A is typically diffusely positive in the t(6;11) RCC, whereas HMB45 is usually only focally positive, labeling individual neoplastic cells in a background of cells that do not get labeled. We confirm that these RCCs underexpress cytokeratin AE1/3 and overexpress cathepsin K. It should be noted that the lineage of the t(6;11) RCC was not initially clear: we initially described these lesions as "neoplasms," not carcinomas, given their unusual morphology, consistent labeling for melanocytic markers, and minimal immunoreactivity for epithelial markers. 1 We were not certain whether these lesions represented unusual epithelioid angiomyolipomas or RCCs. IHC labeling for PAX8, RCC marker antigen, CD10, and often Cam5.2 as reported herein supports classification of the t(6;11) RCC as carcinomas of renal tubular differentiation despite frequent negativity for broad-spectrum cytokeratins and EMA. This pattern of labeling (positive for renal tubular markers, often negative for epithelial markers) is similar to that previously reported for the Xp11 translocation RCC. We previously mentioned PAX8 labeling in several test cases of t(6;11) RCC studied during validation of our TFEB FISH assay (mainly as a demonstration that these cases would label for a nuclear IHC marker despite occasionally being negative for TFEB by IHC) 16 ; however, PAX8 labeling has not previously been formally studied in t(6;11) RCC. In this study, we noted frequent absence of PAX8 labeling at the center of whole sections of the t(6;11) RCC, with intact labeling at the periphery, and suspect that this represents variable fixation with the antigen being better preserved at the periphery of the tissue blocks. The minimal PAX2 labeling we saw in our cases is more difficult to explain but may represent a more exaggerated effect of fixation on this marker, which we and others have found to be less sensitive than PAX8. 22 Although PAX8 and RCC marker antigen have not been studied in the t(6;11) RCC by other groups, we note that Rao et al 7 did not find CD10 labeling in their small series of t(6;11) RCC, which differs from our results.
We found that the t(6;11) RCC labeled frequently for CD117 and vimentin. These findings highlight the potential for the t(6;11) RCC to be misdiagnosed as epithelioid angiomyolipoma. The t(6;11) RCC and epithelioid angiomyolipoma show marked IHC overlap, as both also consistently label for melanocytic markers and cathepsin K, often label for CD117 and vimentin, and are typically cytokeratin AE1/3 negative. Moreover, although TFEB IHC should distinguish the 2, it has potential for false negatives and false positives. Not all genetically confirmed t(6;11) RCCs have been shown to label for TFEB by IHC, likely because of fixation issues. 16 Along these lines, in the current study 2 of the new t(6;11) RCCs reported did not label for TFEB. Moreover, 1 group 44 has reported TFEB IHC labeling in PEComa family lesions, although this has not been our experience, and we have subsequently found that all PEComas tested so far lack TFEB gene rearrangements. Illustrating the diagnostic difficulty, the provided images of a distinctive renal neoplasm reported as "oncocytic angiomyolipoma" in 2003 45 appear to be quite consistent with a t(6;11) RCC. Moreover, there are also at least 2 t(6;11) RCCs reported in the literature in which epithelioid angiomyolipoma was the initial favored diagnosis. 10, 15 These cases highlight the importance of PAX8 IHC in distinguishing the t(6;11) RCC from epithelioid angiomyolipoma. PAX8 is a very specific (95%), although not a very sensitive (59%), marker in distinguishing the t(6;11) RCC from epithelioid angiomyolipoma. Clearly, not all t(6;11) RCCs will label In contrast to a prior report, 7 we find that Kspcadherin is not a consistent marker of the t(6;11) RCC. Only 3 of 19 cases (15%) of t(6;11) showed focal labeling for this marker. Appropriate labeling of the distal convoluted tubules as an internal control for Ksp-cadherin supports the validity of our findings. The labeling for CD10 and RCC marker antigen and typical negativity for Ksp-cadherin that we found argue against this prior report's outright assignment of distal nephron origin to the t(6;11) RCC.
Histologic and clinical overlap between t(6;11) RCC and Xp11 translocation RCC may also confound diagnosis. CD117 was identified in a majority of t(6;11) RCCs in the current series (71%) but labeled none of the Xp11 translocation RCCs in our prior report. However, we have recently seen in consultation an Xp11 translocation RCC that mimicked the t(6;11) RCC morphologically and also labeled for CD117 (P. Argani, unpublished data, 2013). 13 Thus, although CD117 is a fairly specific and relatively sensitive marker in distinguishing these related neoplasms, it is clearly not perfect. Although the morphologic overlap between t(6;11) RCC and clear cell RCC typically presents less of a diagnostic dilemma, CD117 labeling also helps distinguish the t(6;11) RCC from clear cell RCC. CA IX negativity also favors the t(6;11) RCCs over Xp11 translocation RCCs, which were focally positive in over half of the studied cases. 13 However, the labeling seen in the Xp11 translocation RCC was focal and likely reflected the effects of focal hypoxia associated with necrosis. As most of the t(6;11) RCCs in this study (and in our experience overall) did not showed necrosis, their absence of CA IX labeling is not unexpected. Notably, the one t(6;11) RCC in this study with necrosis did label focally for CA IX, suggesting that CA IX labeling in translocation RCC reflects a physiological response to local hypoxia rather than a distinctive intrinsic biological feature.
The mTOR pathway is upregulated in many human neoplasms and represents a potential therapeutic target for inhibition. 42 Derangement of the mTOR pathway has been identified in clear cell RCC and renal angiomyolipoma, especially metastatic disease and more aggressive disease. 42, 46 A large multicenter trial in 2007 showed that temsirolimus, an analog of rapamycin, increased survival of patients with metastatic clear cell RCC prompting FDA approval for the drug. 47 Renal angiomyolipomas are commonly associated with a tuberous sclerosis complex, which results from knockout of the TSC1 and TSC2 genes. The products of the TSC1 and TSC2 genes act as negative regulators of the mTOR pathway. 48 mTOR inhibitors have been shown effective in both reducing the angiomyolipoma size 49, 50 and treating subependymal giant cell astrocytomas found in tuberous sclerosis patients. 51 pS6 is a downstream target and surrogate marker of increased mTOR pathway activity. In our current series, pS6 expression appeared higher in t(6;11) RCC than what we previously reported in clear cell RCC, although not as high as in epithelioid angiomyolipoma (H scores of 101, 50, and 245, respectively). The higher H score of t(6;11) RCC compared with that of clear cell RCC suggests the possibility that mTOR inhibitors would also be effective when used against the rare t(6;11) RCCs that metastasize.
In summary, our results show that a small panel of routine immunochemical markers may be useful in suggesting the t(6;11) RCC when presented with an initially unclassifiable renal neoplasm (Table 3) . A panel of PAX8, Melan A, cytokeratin AE1/3, and cathepsin K can be helpful in distinguishing t(6;11) RCC from the more common clear cell and papillary RCC and epithelioid angiomyolipoma. IHC labeling for PAX8, cathepsin K, and Melan A in the absence of cytokeratin AE1/3 labeling is suggestive of a t(6;11) RCC. CD117 labeling favors the t(6;11) RCC over Xp11 RCC. Nonetheless, we believe that the diagnosis of these neoplasms should be confirmed definitively by TFEB FISH studies. In addition, as recognition of t(6;11) RCC increases, recently approved mTOR pathway inhibitors may prove useful in treatment of the rare cases that are inoperable or metastasize. 
